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 In Chapter 1, evidence is presented to correlate the vibronic progression in steady-state 
optical absorption spectra of a dimeric, organic material to its performance in field-effect transistor 
devices. The organic material, hPDI2, is fitted with solubilizing side chains of varying structure 
and length to investigate the effects that side chains have on both the optical and electronic 
properties of hPDI2. In solution, these side chains influence the character of aggregation and in 
thin films, the side chains influence film morphology. The character of aggregation in solution is 
determined by the change in relative peak intensities in optical absorption spectra with increasing 
concentration in solution. The change in relative peak intensity with increasing concentration in 
solution is a result of intermolecular electronic coupling, which alters the transitional symmetry of 
optical excitations. The character of aggregation in solution and the morphology of an organic 
material in thin films are akin to one another. In thin films, the intermolecular electronic coupling 
can facilitate the charge-transfer characteristics of an organic material in field-effect transistors. It 
is concluded that the structure and length of molecular side chains do indeed influence the optical 
and electronic properties of organic materials as a function of aggregation in solution and 
morphology in thin films. However, more evidence is necessary to elucidate a convincing 
correlation between the relative peak intensities in optical absorption spectra to the performance 
of the organic material in field-effect transistors. 
 
 
 In Chapter 2, the fundamental electronic and chiroptical properties of a helical, 
polyaromatic molecule are demonstrated. Structurally, the organic material, NP3H, is a helix of 
helicenes, which generates intense circular dichroism. The circular dichroism is measured in spin-
cast thin films. Electronic transfer characteristics are also presented for enantiopure NP3H as well 
as the racemic mixture. Upon fabricating field-effect transistors using spin-cast thin films of 
NP3H, the racemic mixture exhibits a marginally superior electron mobility over the enantiopure 
material. However, single crystals of enantiopure NP3H were grown and exhibited a two-fold 
increase in electron mobility when fabricated into a field-effect transistor device in comparison to 
its amorphous, spin-cast counterpart. It is concluded that enantiopure NP3H exhibits the necessary 
physical prerequisites to be useful in chiral device applications such as electron spin-filters and 
chiral light detectors. 
 In Chapter 3, hPDI2 and NP3H are investigated for their ability to aggregate and form 
ordered films at the air-water interface of a Langmuir-Blodgett trough. Isotherms are presented 
and compared for each side chain derivative of hPDI2 as well as enantiopure and racemic NP3H. 
Additionally, an enhancement in circular dichroism is observed when a system of ordered layers 
of enantiopure NP3H are deposited from the Langmuir-Blodgett trough in comparison to its 
amorphous, spin-cast counterpart. Furthermore, ordered layers of enantiopure NP3H exhibit an 
enhancement in electron mobility when fabricated into field-effect transistor devices. The electron 
mobility is also demonstrated to enhance as the number of ordered layers that increases up to five 
layers. When ten ordered layers are deposited, a slight decrease is observed. Lastly, single crystals 
of hPDI2 were grown by solvent annealing a system of ordered layers deposited from the 
Langmuir-Blodgett trough, which is significant because, to the best of the author’s knowledge, a 
similar technique for single crystal growth of an organic material from ordered layers of Langmuir-
 
 
Blodgett films has not yet been published in peer-reviewed scientific literature. It is concluded that 
the increased order that is induced by the Langmuir-Blodgett technique does indeed enhance the 
optical and electronic properties of organic materials in comparison to amorphous, spin-cast films 
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Chapter 1: Side Chain Control of the Optical and Electronic 
Properties of Molecular Nanoribbons 
 
1.1 Background 
The theory behind H- and J-aggregation was introduced by Kasha1,2 to explain the spectral 
shifts that result from molecular aggregation of cyanine dyes in solution.3 The model employed 
the point-dipole approximation, describing the Coulombic interaction between two photoexcited 
chromophores that are represented as adjacent transition-dipole vectors.2,4,5 The model was later 
expanded to account for the intramolecular vibrations of vinylic stretching modes6,7 that are 
prevalent in polyaromatic molecules, which supports a description of aggregation as a gradient 
where molecules can aggregate with more or less H- or J-character.8,9 
Idealized J-aggregation is represented by a singular S0, 𝜈=0 to S1, 𝜈=0 (0-0) excitation and 
idealized H-aggregation is represented by an S0, 𝜈=0 to S1, 𝜈=1 (0-1) excitation in optical 
absorption spectra. Therefore, instead of simple hypsochromic or bathochromic shifts, the degree 
of H- and J-aggregation can be evaluated by the relative intensity of the 0-0 and 0-1 vibronic peaks 
in steady-state absorption spectra. The ratio of the intensity of these two vibronic peaks (Rabs = 0-
0/0-1) can be used to characterize the relative H- or J-type aggregation where a lower Rabs describes 
more H-like aggregation and a higher Rabs describes more J-like aggregation. The same can be said 
for photoluminescence (PL) where the S1, 𝜈=0 to S0, 𝜈=0 (0-0) relaxation represents idealized J-
aggregates and the S1, 𝜈=0 to S0, 𝜈=1 (0-1) relaxation represents idealized H-aggregates. Similar 
to Rabs, the ratio of the intensity of these two vibronic peaks (RPL=0-0/0-1) is lower for H-
aggregates and higher for J-aggregates. 
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Modelling H- and J-aggregation is useful because it provides a connection between the 
optical and electronic properties of a molecule in a desired medium. For example, the symmetric 
0-0 photoexcitation in an ideal J-aggregate would be expected to rapidly fluoresce back down to 
the ground state, which would suggest that the material is suitable for electroluminescent 
applications such as light-emitting diodes.10–12 Conversely, the symmetric 0-1 photoexcitation in 
an ideal H-aggregate would be expected to rapidly relax from the S1, 𝜈=1 state to the S1, 𝜈=0 state, 
which should not rapidly relax back to the ground state (S0, 𝜈=0) because of the asymmetry of the 
0-0 transition in H-aggregates.8 Thus, a slow radiative decay rate implies that H-aggregating 
materials would be suitable for charge-transport applications such as field-effect transistors 
(FETs)13–15 and photovoltaic applications such as solar cells.16–19 Based on these premises, it is 
reasonable to expect that spectroscopic methods can be used not only to characterize the type of 
aggregation, but also predict the electronic properties that are a concurrent consequence of said 
aggregation.20 If decreasing Rabs upon increasing concentration is indicative of H-aggregation and 
H-aggregation leads to better charge-transport properties, then can Rabs be correlated to FET and 
solar cell performance? 
 Interestingly, small-molecule materials of various perylene diimide (PDI) architectures 
have demonstrated aggregation of both H-21–25 and J-26–31character, confirming that the 
photophysical properties of PDI and other polyaromatic materials can be finely tuned by synthetic 
methods. Much of the research in this field has been primarily focused on synthesizing novel 
designs for thin film optoelectronic applications in an attempt to find structure-function 
relationships of these materials in the solid state.32–35 This effort has produced a wealth of 
knowledge for material designs and their performance in thin film optoelectronic devices36 but has 
left the similarities of liquid-phase aggregation and solid-state morphology in the periphery of 
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investigation. Furthermore, most of this body of research has failed to connect the precise influence 
of aggregation trends in solution to morphology in amorphous thin films and the spectral signatures 
that correlate to high-performance in appropriate device applications. The dearth of knowledge in 
this aspect of organic materials presents an opportunity to learn how the spectral signatures of 
aggregation are correlated to device performance.  
 
1.2 Results and Discussion 
This section aims fully describe the current extent of understanding of how the molecular 
side chains disclosed herein influence the thin film morphology of a contorted, aromatic, organic 
material as assessed by steady-state absorption and fluorescence spectroscopy as well as electronic 
transfer characteristics in FETs. Additionally, this section aims to find a relationship between Rabs 
and electron mobility in thin film FET devices. 
 
1.2.1 Molecular Structures 
This section will introduce hPDI2 (Figure 1-1), which is a dimeric oligomer of perylene diimide, 
fusing the two monomers together via an ethylene bridge. Hydrogen atoms at the bay positions 
proximal to the ethylene bridge are sterically hindered, which forces the structure to flex around 
the ethylene bridge to create a helical twist through the center of the structure. While this rigid 
backbone is expected to play a significant role in the film morphology and the degree of 
crystallinity in thin films, the side chains, represented by “R”, influence film morphology as well. 
The identity of the side chains, as defined by their general architecture and length, influence film 
morphology in distinct and predictable ways that would allow for some amount of control to 





Figure 1-1: Molecular structure of the aromatic backbone of hPDI2. Two PDI units are fused together by an ethylene 
bridge, forming a helical twist through the center of the molecule. “R” represents side chains that can be changed to 
control molecular aggregation and thin film morphology. 
 
 The identity of the molecular side chains (Figure 1-2) plays an integral role in the solubility 
of the molecule and, conversely, its ability to aggregate. Molecular side chains are therefore the 
gatekeepers that help control intermolecular interactions. While the aromatic backbones of organic 
materials do indeed determine the fundamental chemical physics of intermolecular interactions, 
the molecular side chains can control the degree of interaction to strengthen or inhibit any desirable 
or undesirable trait the intermolecular interaction is expressing. 
 Three architectures of molecular side chains are introduced: a-branched, b-branched, and 
unbranched. The unbranched side chains offer the most flexibility out of the three architectures. 
They are structurally free to bend and contort in nearly any fashion, which offers the least amount 
of resistance to aggregation upon increasing the concentration of the material in solution or spin-
casting the material into thin films. The b-branched side chains offer slightly less flexibility. 














and contort relatively freely. While the branching at the b-carbon position offers some structural 
resistance to aggregation, the flexibility retained at the a-carbon position does not allow for a 
strong resistance to aggregation. Finally, the a-branched side chains offer the least flexibility. 
While the carbon chain after the branching point in the 3-pentyl and 6-undecyl chains is fully free 
to bend and contort, the structural divergence at the a-carbon position acts as an inflexible barrier 
that strongly resists the intermolecular attraction between the p-surfaces of the organic material. 
With respect to all three of the architectures, it may be reasonable to assume that longer side chains 
disrupt aggregation more than short side chains do. 
 
 
Figure 1-2: The molecular side chains for hPDI2 as represented by “R” in Figure 1-1. a-branched side chains diverge 
at the a-carbon position; b-branched side chains diverge at the b-carbon position; and the unbranched side chain do 











1.2.2 Concentration-Dependent Steady-State Absorption and Photoluminescence 
Spano and coworkers have studied and reviewed the photophysics of organic material 
aggregates in great detail. They have been able to show that Frenkel and charge-transfer (CT) 
excitons have distinct spectral signatures in H- and J-aggregates, which can be exploited so that a 
better understand the organic material systems can be achieved. In the previous section, the hPDI2 
side chain derivatives were introduced from a structural perspective. These hydrocarbon side chain 
derivatives at the imide positions are varied across two dimensions: one being structural and the 
other being length. In this section, steady-state absorbance and fluorescence spectra are analyzed 
to characterize the aggregation of hPDI2 derivatives in solution and the analysis is extended to the 
relatively amorphous nature of spin-cast thin films. All films were thermally annealed at their 
respective optimal annealing temperature for maximum electron mobility in FET devices, as is 
described in section 1.2.3. 
 
1.2.2.1 a-Branched Side Chains 
According to the concentration-dependent absorption spectra, aggregation is distinctly 
inhibited in all three of the a-branched systems that were synthesized, but the shorter chains do 
appear to allow for slightly more aggregation. For example, the concentration-dependent 
absorption spectra of the 6-undecyl derivative shows no signs of aggregation (Figure 1-3). 
However, upon spin-casting the material onto a glass substrate, Rabs noticeably decreases from 
1.54 to 1.36 (Table 1-1). Furthermore, Rabs decreases to 1.21 upon thermally annealing the film at 
160 °C, which would suggest that the material is forming an H-aggregate. Similar to 6-undecyl, 
the 3-pentyl side chain also shows no sign of aggregation upon increasing its concentration by two 
orders of magnitude. However, the 3-pentyl side chain exhibits a slightly more dramatic decrease 
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in Rabs upon transitioning from solution to thin film by decreasing from 1.49 to 1.04 and further to 
0.95 upon annealing the film at 200 °C. Finally, the cyclohexyl side chain shows some sign of 
aggregation in solution, as its peaks appear to broaden with increasing concentration. However, its 
Rabs value barely drops at all with increasing concentration; from 1.58 in a 10-5.05 M solution, to 
1.57 in a 10-4.05 M solution, and 1.50 in a 10-3.05 M solution. The peak broadening in conjunction 
with very little decrease in Rabs could suggest that the cyclohexyl side chain only allows highly 
disordered aggregation in solution. Upon being spin-cast into thin films, its Rabs value continues 
to decrease to 0.94 but only decreases to 0.93 upon annealing at 200 °C. The small decrease in Rabs 
upon annealing could mean that the cyclohexyl side chain does not allow for any significant 
reorganization with thermal annealing. Instead, the thermal annealing could simply serve to rid the 
film of any remaining solvent that is trapped as a result of spin-casting it. 
 Another observation should be made with respect to the absorption spectra of the a-
branched hPDI2 derivatives: the separate vibronic progression from ~365-400 nm also changes 
with material density. In a previous publication using ground-state DFT and excited-state TD-
DFT, this set of transitions was assigned to a PDI-to-ethylene transition, whereas the lower-energy 
vibronic progression was assigned to a PDI-to-PDI transition.37 It is plausible that the PDI-to-
ethylene transition also obeys the selection rules that govern the peak-intensities in H-aggregates 
if the peak at ~400 nm is a 0-0 photoexcitation and the peak at ~387 nm is a 0-1 photoexcitation. 
While these peaks do not change significantly upon concentration in solution, they do change 
drastically in when spin-cast into thin films. Most notably, the hypothesized 0-0 transition is 
apparently depleted in thin films. The decrease in Rabs of the PDI-to-ethylene transition provides a 




 Contrary to the absorption spectra, the photoluminescence spectra of the a-branched 
derivatives do not appear to exhibit a consistent behavior with increasing concentration. This 
observation is not terribly surprising because RPL is not as sensitive to H- or J-aggregation as Rabs 
is, which can partially be attributed to the fact that the 0-1 photoluminescent transition is not the 
exact reverse process of the 0-1 photoexcitation transition.8 Instead, RPL is representative of the 
exciton coherence length.5 While the exciton coherence length increases with decreasing RPL in 




Figure 1-3: Steady-state absorbance and photoluminescence spectra for the three a-branched side chains appended 
to hPDI2 at the imide position. Molar concentrations are listed in exponential form to concisely demonstrate the order 
of magnitude differences between them. “Film” represents the spectrum of the neat film spin-cast onto a glass substrate 








Side Chain ~10-5 M ~10-4 M ~10-3 M Film Annealed 
6-undecyl 1.54 1.54 1.54 1.36 1.21 
3-pentyl 1.49 1.49 1.49 1.04 0.946 
Cyclohexyl 1.58 1.57 1.50 0.938 0.934 
Table 1-1: Rabs values for the three a-branched side chains at various concentrations in solution and in neat and thin 
films. Molar concentrations are listed in exponential form to concisely demonstrate the order of magnitude differences 
between them. “Film” represents the spectrum of the neat film spin-cast onto a glass substrate and “Annealed” 
represents the spectrum of the film after it has been thermally annealed at its optimal temperature for FET performance. 
 
1.2.2.2 b-Branched Side Chains 
The b-branched side chains show more evidence for aggregation than the a-branched side 
chains. In solution, the evidence of aggregation is represented by peak broadening and decreases 
in Rabs with increasing concentration (Figure 1-4). The steady-state absorption spectra of the 
various b-branched side chain derivatives also demonstrate that chain length plays a direct role in 
the aggregation ability of hPDI2. For example, the shortest b-branched side chain (2-ethylhexyl) 
demonstrates the most pronounced aggregation signatures as Rabs decreases from 1.55 to 1.07 upon 
increasing the concentration in solution by two orders of magnitude (Table 1-2). Furthermore, 
upon spin-casting the material onto a glass substrate, the vibronic progression is transformed into 
one broad absorption peak, which suggests a fully amorphous film. The absorption spectrum 
remains this way after thermally annealing the film at 280 ºC, which suggests that thermally 
annealing the film does not allow the material to realign itself.  
The medium length b-branched side chain (2-butyloctyl) also shows strong evidence for 
aggregation in solution as Rabs decreases from 1.57 to 1.13 upon increasing the concentration in 
solution by two orders of magnitude. Again, upon spin-casting a neat film of the material onto a 
glass substrate, one broad absorption peak forms to suggest an amorphous film. However, unlike 
the 2-ethylhexyl side chain, an absorption peak resolves upon thermally annealing the film at 200 
10 
 
ºC, suggesting that the 2-butyloctyl side chain allows for reorganization of the molecules in the 
film upon thermal annealing, which results in some amount of order and thus the resolved 
absorption peak that allows for the Rabs value to be calculated to be 0.971. The most likely 
explanation for this is that the 2-butyloctyl side chain is long enough to effectively lubricate the p-
surfaces of the material, allowing them to reorganize by slipping past one another. 
The longest b-branched side chain (2-hexyldecyl) shows the least amount of H-aggregation 
of the three as Rabs only decreases from 1.59 to 1.26 upon increasing the concentration in solution 
by two orders of magnitude. However, the 2-hexyldecyl side chain is unique among the b-branched 
side chains in that some semblance of molecular order is retained upon spin-casting the material 
onto a glass substrate. This is evidenced by the barely-distinguishable vibronic progression that is 
present in the absorbance spectrum of the neat film with an Rabs of 0.864. Upon annealing the film 
at 160 ºC, the vibronic progression distinctly resolves resulting in an Rabs value of 1.19. While it 
is not surprising that the longer side chains allow for greater reorganization of the molecules in the 
film upon thermal annealing, it is interesting that Rabs increases upon said reorganization because 
an increase in Rabs suggests greater J-character in molecular aggregation, which would contradict 
the trend of increasing H-aggregation upon thermal annealing that is demonstrated in neat films 
with other side chains. 
 The fluorescence spectra of the b-branched side chains show more obvious trends than the 
a-branched side chains as a function of concentrating the solution by two orders of magnitude. 
Similar to the absorbance spectra, the bathochromic shift of the spectra is representative of the 
lower energy of a solid-state system and the broadening of peaks is representative of disordered 
aggregation. The exception is the 2-hexyldecyl material, where the fluorescence spectra does not 
follow any obvious trends upon concentrating the solution, much like the a-branched materials. 
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Figure 1-4: Steady-state absorbance and photoluminescence spectra for the three b-branched side chains appended 
to hPDI2 at the imide position. Molar concentrations are listed in exponential form to concisely demonstrate the 
order of magnitude differences between them. “Film” represents the spectrum of the neat film spin-cast onto a glass 
substrate and “Annealed” represents the spectrum of the film after it has been thermally annealed at its optimal 
temperature for FET performance. 
 
Side Chain ~10-5 M ~10-4 M ~10-3 M Film Annealed 
2-hexyldecyl 1.59 1.49 1.26 0.864 1.19 
2-butyloctyl 1.57 1.44 1.13 N/A 0.971 
2-ethylhexyl 1.55 1.38 1.07 N/A N/A 
Table 1-2: Rabs values for the three b-branched side chains at various concentrations in solution and in neat and thin 
films. Molar concentrations are listed in exponential form to concisely demonstrate the order of magnitude differences 
between them. “Film” represents the spectrum of the neat film spin-cast onto a glass substrate and “Annealed” 






1.2.2.3 Unbranched Side Chains 
The unbranched side chains show the most evidence for aggregation. The changes in the 
absorption and fluorescence spectra upon concentrating the materials in solution are similar to the 
changes in the b-branched materials, but more pronounced. For example, with the n-hexyl side 
chain, Rabs decreases from 1.41 to 0.922 upon increasing the concentration in solution by two 
orders of magnitude (Table 1-3). The degree of H-character of aggregation as represented by Rabs 
is about the same with the longer, n-dodecyl, side chain where Rabs decreases from 1.52 to 0.981 
upon increasing the concentration in solution by two orders of magnitude. The increasing chain 
length for the unbranched side chains does not appear to inhibit H-aggregation nearly as much as 
it does for the b-branched materials. 
While the trends of aggregation for the unbranched side chains in solution are similar to 
the b-branched side chains, the absorbance spectra of the thin films for the unbranched side chains 
are distinctly different from the b-branched materials. In thin films, there is a peak at ~640 nm in 
the thin films of both unbranched materials. For the n-hexyl side chain, this peak vanishes upon 
thermal annealing, while for the n-dodecyl side chain, this peak appears to blue-shift upon thermal 
annealing. Additionally, there are no peaks in the would-be vibronic progression that resolve as a 
result of thermally annealing the neat films with the b-branched side chains. This could be because 
the unbranched side chains have very little ability to induce separation between the π-surfaces of 
hPDI2 to allow the molecules in the neat film to reorganize upon thermal annealing.  
The fluorescence spectra of the linear side chains show much clearer and more obvious 
trends than the fluorescence spectra of the a- and b-branched materials. Most notable is the 
decrease in the 0-0 photoluminescent transition and increase in the 0-1 photoluminescent transition 
upon increasing the concentration in solution. Secondly, the peak separation increases between the 
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0-0 and 0-1 photoluminescent transitions upon increasing the concentration of the linear side chain 
derivatives in solution. It appears that the linear side chains allow for stronger H-aggregation, 
which is represented by the clear and obvious trends in the absorbance and fluorescence spectra. 
 
 
Figure 1-5: Steady-state absorbance and photoluminescence spectra for the three unbranched side chains appended 
to hPDI2 at the imide position. Molar concentrations are listed in exponential form to concisely demonstrate the 
order of magnitude differences between them. “Film” represents the spectrum of the neat film spin-cast onto a glass 
substrate and “Annealed” represents the spectrum of the film after it has been thermally annealed at its optimal 
temperature for FET performance. 
 
Side Chain ~10-5 M ~10-4 M ~10-3 M Film Annealed 
n-dodecyl 1.52 1.25 0.981 N/A N/A 
n-hexyl 1.42 1.16 0.922 N/A N/A 
Table 1-3: Rabs values for the three unbranched side chains at various concentrations in solution and in neat and thin 
films. Molar concentrations are listed in exponential form to concisely demonstrate the order of magnitude differences 
between them. “Film” represents the spectrum of the neat film spin-cast onto a glass substrate and “Annealed” 
represents the spectrum of the film after it has been thermally annealed at its optimal temperature for FET performance. 
 
1.2.2.4 Summary Discussion 
Nearly all of the trends in Rabs are consistent with H-aggregation in solution and in films. 




neat film of the 2-hexyldecyl material. Furthermore, it is consistent within nearly all of the steady-
state absorption spectra that Rabs decreases as concentration increases in solution, which indicates 
H-aggregation of the various hPDI2 derivatives. The a-branched side chains do not appear to 
follow this trend in solution but instead demonstrate H-aggregation in thin films with a 
distinguished decrease in Rabs. The structure of the a-branched side chains most likely lacks the 
flexibility to bend and contort in a fashion that allows for easy molecular aggregation and it is not 
until the molecules are forced to aggregate by being spin-cast into a film that they finally follow 
the trends in H-aggregation that are seen for other side chain derivatives in solution. 
 
1.2.3 Electronic Transfer Characteristics in Field-Effect Transistors 
This section aims to describe the performance of hPDI2 with various side chains as a 
semiconductor in FETs and how FET performance is different per side chain. Because the a-
branched side chains allow for the least amount of H-aggregation, it may be reasonable to expect 
that they have the lowest electron mobilities in thin film FETs and because the unbranched side 
chains allow for the most H-aggregation, it may also be reasonable to expect that unbranched side 
chains have higher electron mobilities. Electron mobility values are reported to one significant 
figure because of the high variability that is inherent to measuring charge-transfer characteristics 
of polycrystalline systems. While fully amorphous or crystalline materials exemplify more 
consistent charge mobility values, polycrystalline materials are not afforded the same level of 
reliability. 
 
1.2.3.1 a-Branched Side Chains 
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The a-branched side chains appended to the imide position of hPDI2 act as inflexible 
barriers that inhibit the aggregation of the molecules in solution. When the material is forced to 
aggregate by spin-casting it into thin films, the a-branched side chains inhibit close packing, most 
likely decreasing the density of the material. By inhibiting contact between the π-surfaces of 
hPDI2, a lesser degree of crystallinity is achieved, increasing electron localization with respect to 
individual molecules, which ultimately impedes electron mobility through the material when 
employed as a semiconductor in FETs.  
As expected, the electronic transfer characteristics (Figure 1-6) and electron mobilities 
(Table 1-4) associated with the a-branched side chains are relatively low. The lowest electron 
mobility belongs to the 6-undecyl side chain at 3x10-4 cm2V-1s-1, which is not surprising because 
it is the longest of the three a-branched side chains and therefore stands to inhibit contact between 
the p-surfaces of hPDI2 the most. The electron mobilities for the 3-pentyl and cyclohexyl side 
chains are fairly comparable at 1x10-3 cm2V-1s-1 and 2x10-3 cm2V-1s-1, respectively. Because both 
the 3-pentyl and cyclohexyl side chains are relatively short and compact, they mostly likely allow 





Figure 1-6: Electronic transfer characteristics of hPDI2 with a-branched side chains. The slope of the linearized 
(blue) plot is used to calculate the electron mobility for each side chain. 
 
 6-undecyl 3-pentyl Cyclohexyl 
Electron mobility (cm2V-1s-1) 3 x 10-4 1 x 10-3 2 x 10-3 
Annealing temp. (°C) 160 200 200 
Table 1-4: Electron mobility values and annealing temperatures of the a-branched side chains for optimal FET device 
performance. 
 
1.2.3.2 b-Branched Side Chains 
Because the b-branched side chains are more flexible at the a-carbon position than the a-
branched side chains are, it may be expected that the b-branched side chains can bend and contort 






expected that that shorter b-branched side chains would also allow for better p-surface contact 
than the longer, bulkier b-branched side chains.  
The presumption is that the shorter and the more flexible the side chain is, the greater the 
electronic transfer characteristics (Figure 1-7) and electron mobility values (Table 1-5) will be. 
However, this does not appear to be necessarily true for the b-branched side chains as the longer 
2-butyloctyl side chain achieves a greater electron mobility value of 1x10-2 cm2V-1s-1 than the 2-
ethylhexyl side chain does at 1x10-3 cm2V-1s-1 as a semiconducting thin film in FETs. It would be 
useful to see if this continues to a trend with the hPDI2 derivative with the 2-hexyldecyl side chain, 
but there were not enough resources, funds, or space to acquire the electronic transfer 
characteristics to calculate electron mobility values for the 2-hexyldecyl side chain employed in 
FETs. Not only do the b-branched side chains fail to follow the expected trends in Rabs values, but 
they may also fail to follow the expected trends in electron mobility values with increasing length 





Figure 1-7: Electronic transfer characteristics of hPDI2 with b-branched side chains. The slope of the linearized 
(blue) plot is used to calculate the electron mobility for each side chain. 
 
Side Chain 2-ethylhexyl 2-butyloctyl 
Electron mobility (cm2V-1s-1) 1 x 10-3 1 x 10-2 
Annealing temp. (°C) 280 200 
Table 1-5: Electron mobility values and annealing temperatures of the b-branched side chains for optimal FET device 
performance. 
 
1.2.3.3 Unbranched Side Chains 
Commensurate with the lower Rabs values, the unbranched side chains allow for greater H-
aggregation and thus, efficient electronic transfer characteristics (Figure 1-8) and high electron 
mobility values as well (Table 1-6). Unlike the b-branched side chains, the unbranched side chains 
behave as expected with respect to length. The longer n-dodecyl side chain has a lower electron 
mobility value of 5x10-3 cm2V-1s-1 and the shorter n-hexyl side chain has a greater electron mobility 
value of 1x10-2 cm2V-1s-1. The relatively high electron mobility values are most likely due to the 









Figure 1-8: Electronic transfer characteristics of hPDI2 with unbranched side chains. The slope of the linearized 
(blue) plot is used to calculate the electron mobility for each side chain. 
 
Side Chain n-dodecyl 2-hexyl 
Electron mobility (cm2V-1s-1) 5 x 10-3 1 x 10-2 
Annealing temp. (°C) 240 280 
Table 1-6: Electron mobility values and annealing temperatures of the unbranched side chains for optimal FET device 
performance. 
 
1.2.3.4 Summary Discussion 
The electronic performance and electron mobility values derived from FET devices are 
mostly consistent with the expectations for side chain flexibility and length. The a-branched and 
unbranched side chains appended to hPDI2 demonstrate that longer chain lengths inhibit molecular 
packing, thus impeding electron mobility through the film. However, the b-branched side chains 
do not appear to operate in the same manner as the longer 2-butyloctyl side chain yielded a higher 
electron mobility than the 2-ethylhexyl side chain did. It is worth noting that the b-branched side 




chains with respect to Rabs to characterize the type of aggregation in thin films, gaining more J-
character in their aggregation upon thermally annealing the thin films instead of H-character. 
 
1.2.4 Correlation Between Electron Mobility and Absorption 
The correlation between spectral signatures such as Rabs and electron mobility is difficult 
to quantify because the relationship between the two is not direct. Instead, both are consequential 
to film morphology, which can obscure the spectral signals necessary to draw a conclusive 
correlation by sufficiently broadening the peaks in the vibronic progression into what seems to be 
one broad optical absorption signal. Therefore, estimates may be the best alternative depending on 
the material that is being evaluated. These estimates would be necessary for the n-hexyl, n-dodecyl, 
and 2-ethylhexyl side chain derivatives of hPDI2. 
Estimates of Rabs values derived from thin film absorbance spectra are the most obvious 
starting point. These estimates could start to be derived from the highest absorbance of the broad 
peak to represent the 0-1 transition. Estimating the 0-0 optical absorbance transition is much more 
difficult and prone to a high degree of error because the peak is obscured by or completely 
incorporated into the curvature of the broad absorption band of the film. To attempt to do so would 
require a careful effort to account for the slight bathochromic shifts of the peaks with increasing 
concentration into solution and to follow that trend into the absorbance spectrum of the film itself. 
Furthermore, thermally annealing the thin films typically increases the bathochromic shift of the 
absorption spectrum to a degree that is inconsistent between materials and appears to be larger for 
longer side chains and smaller for shorter side chains. All of these factors combined are very 
difficult to account for, making any calculation of Rabs to be highly error prone. 
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An alternative estimate for the correlation of Rabs to electron mobility would be to derive 
the correlation not from the Rabs values from the films themselves, but instead from the highly 
concentrated solutions (Figure 1-9). With this approach, all of the peaks in the vibronic progression 
could be accurately accounted for, making Rabs determinations much less error prone. However, 
while this approach makes for a much more accurate determination of Rabs, it lacks the ability to 
account for morphological change due to molecular rearrangement upon thermal annealing of thin 
films. It is ultimately the annealed films that are evaluated for their electron mobility in FET 
devices, which provides a distinct disjoint between the two systems that are being compared. While 
this disjoint may not affect the shorter side chain hPDI2 derivatives as much as the hPDI2 
derivatives with longer side chains, which are more prone to reorganization upon thermal 
annealing in thin films, it still provides adequate motivation for skepticism of the comparison 





Figure 1-9: Electron mobility vs Rabs. All Rabs values are derived from the optical absorbance spectra of the most 
concentrated solution for each hPDI2 side chain derivative. A power law trend line was added with its respective R2 
value to demonstrate that there appears to be a loose correlation between electron mobility and Rabs. 
 
 It may be the case that a correlation between Rabs and electron mobility cannot or should 
not be applied universally across organic materials, but instead should be applied categorically. 
This is evidenced by the fact that the b-branched side chains appear to contradict trends that are 
observed in the a-branched and unbranched material systems; both in terms of Rabs and electron 
mobility in thin films. However, finding categorical trends would require many more samples to 
be analyzed within the a-, b-, and unbranched categories of side chains. This could potentially be 
accomplished by experimenting on more side chains of differing lengths or by changing the 
positioning of the side chains on the hPDI2 core. By appending the same a-, b-, and unbranched 
side chains at the shoulder or bay positions of the hPDI2 core, new data points can be acquired and 
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directly compared to the results that have already been achieved in an attempt to find a correlation 
between Rabs and electron mobility of the system. 
It is worth mentioning that the optical absorption spectra of the thin films may not be 
perfectly representative of the films in FET devices for two key reasons: First, the films were not 
deposited on a hydrophobic surface. Instead, they were spin-cast onto custom-cut glass slides that 
are hydrophilic (see section 1.4.1). The difference in the surfaces could affect the material’s 
morphology in thin films and its ability to rearrange upon thermal annealing. The second reason 
is that the films in top-contact FET devices are under an immense amount of pressure from the 
metal electrodes, which can warp the films into a form that is morphologically dissimilar to that 
of the unencumbered thin films that were spin-cast onto glass slides. Typically, spin-casting an 
organic small-molecule material onto a hydrophobic surface results in a film around 15-20 nm 
thick. When the metallic electrodes are vacuum evaporated onto the organic thin films, typically 
100 nm of metal is deposited. Therefore, not only is the metal electrode thicker than the organic 
thin film, but the metal electrode is also a denser material, resulting in a relatively significant 
amount of pressure on the organic thin film. Upon thermally annealing the film by heating the 
entire FET device on a hot plate, the weight of the electrodes could significantly affect the resulting 
morphology of the film. 
The reason that the glass slides were not treated with a self-assembled monolayer to induce 
a hydrophobic surface, like what is done in FET devices, is because hydrophobic surfaces make it 
exceedingly difficult to deposit films, even when spin-casting, which can result in a waste of 
precious material if it does not adhere to the slippery surface to form a film. It was not until much 
later in the author’s PhD studies that he learned the value of depositing films using an anhydrous 
solvent to spin-cast the material from. In the author’s experience, spin-casting a thin film from an 
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anhydrous solvent successfully deposits films on highly hydrophobic surfaces without fail. This 
fundamental knowledge, had it been bestowed by a mentor, would have saved the author many 
hours in the early years of his PhD. 
 
1.3 Conclusions and Future Directions 
More research must be performed to draw convincing conclusions with respect to the 
correlation between Rabs and electron mobility in thin films of organic materials. First, more data 
points are needed in the investigation. More organic materials with more side chains of varying 
length and varying positions on the backbone of the material need to be analyzed in a similar 
manner to reach a decisive verdict. Additionally, electron mobility values need to be more 
rigorously collected and presented than what is currently customary in the field of organic, n-
channel FETs. This means collecting dozens of electron transfer measurements and presenting the 
electron mobility data as a normal distribution with a clearly defined mean, minimum, and 
maximum along with standards of deviation. This will provide a much more statistically significant 
and experimentally reproducible foundation for analyzing the relationship between Rabs and 
electron mobility than the current method ever could, which entails selecting the highest electron 
mobility value achieved out of the many that are collected and calculated to be reported. 
While the a-, b- and unbranched side chains show signs of increasing H-aggregation 
through their decreasing Rabs with increasing concentrations in solution, the trends in thin films 
are not as predictable. Notably, it is the b-branched side chains, particularly the longer 2-butyloctyl 
and 2-hexyldecyl, that show increasing Rabs values upon thermally annealing the film, suggesting 
increasing J-character aggregation. More research should be performed to understand why this is 
the case. It is possible that the asymmetry of the b-branched side chains is responsible for the J-
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character aggregation when hPDI2 molecules are reorganizing upon thermally annealing thin films 
of the material. To test this hypothesis, symmetric b-branching side chains could be substituted 
onto the imide positions of hPDI2 and subjected to the same experimentation that all the other 
materials have been. 
The a-branched side chains were potentially not investigated to a great enough extent. The 
ability of the a-branched side chains to inhibit aggregation is directly related to the molecule’s 
solubility in solution. If the concentration of the a-branched materials were increased by another 
order of magnitude, a greater decrease in Rabs may have been observed. However, a 10-2 M solution 
of the a-branched materials would not be directly comparable to the b- and unbranched side chains 
as 10-2 M is beyond their limitations in solubility. Instead, analysis of the steady-state absorbance 
and photoluminescence spectroscopy of the exceptionally high concentrations would be exclusive 
to the a-branched side chains, which could still provide some useful insight into the differences 
between the 6-undecyl, 3-pentyl, and cyclohexyl side chains and their ability to aggregate. 
Future work could include more experimentation to elucidate the characteristics of 
aggregation among these organic materials such as measuring photoluminescent decay rates and 
quantum yield. The decay rate of a radiative transition is indicative of the symmetry or asymmetry 
of the transition. Because the symmetry of an intermolecular absorptive or radiative transition is a 
consequence of the positions of each molecule, the decay rate of the 0-0 photoluminescent 
transition would indicate high or low J-character aggregation. Additionally, measuring the 
photoluminescent quantum yield quantifies the ratio of radiative decay to nonradiative decay, 
making it a useful assessment of the type of aggregation that is occurring. Because an asymmetric 
0-0 photoluminescent transition defines the ideal H-aggregate, lower photoluminescent quantum 
yields would be expected with increasing H-character aggregation in solutions and morphology in 
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films. If these measurements were performed, photoluminescent decay rates and quantum yields 
could also be correlated with electron mobility in organic materials. Lastly, atomic force 
microscopy could be performed to gauge the surface roughness of the films pre- and post-
annealing. Surface roughness could be an indicator of the degree of crystallinity in the film, which 




1.4.1 Steady-State Optical Absorption Measurements 
All steady-state optical absorption spectra were collected using quartz cuvettes in a 
Shimadzu UV-1800 spectrophotometer. To account for the solutions varying by one order of 
magnitude, cuvettes with path lengths varying by one order of magnitude were used to compensate. 
Therefore, the most concentrated solutions were measured using a 0.1 mm path length quartz 
cuvette and the most dilute solutions were measured using a standard 1 cm path length quartz 
cuvette. 
Samples were prepared by making a 1 mg/mL solution of the material in chloroform. This 
initial solution corresponded to the most concentrated sample for each material; roughly 10-3 molar 
concentration. Exact concentrations for each solution are listed in Figures 1-3, 1-4, and 1-5. The 
more dilute solutions were prepared via two serial dilutions, each by one order of magnitude 
resulting in solutions that were roughly 10-4 and 10-5 in their molar concentrations. 
Films were prepared by spin-casting a 5 mg/mL solution onto custom-cut glass slides at 
3000 rpm for 60 s using a spin-coater. Films were measured for their optical absorbance after being 
spin-cast this way and are labelled “Film” in Figures 1-3, 1-4, and 1-5. The films were then 
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thermally annealed on a hot plate at the temperature that was optimal for their respective 
performance in FETs, which can be found in Tables 1-4, 1-5, and 1-6. Optical absorbance 
measurements were then performed on the annealed film and are labelled “Annealed” in Figures 
1-3, 1-4, and 1-5.  
 
1.4.2 Steady-State Photoluminescence Measurements 
All steady-state photoluminescence spectra were collected using quartz cuvettes in a 
Fluoromax 4 from Horiba Scientific. To account for the solutions varying by one order of 
magnitude, cuvettes with path lengths varying by one order of magnitude were used to compensate. 
Therefore, the most concentrated solutions were measured using a 0.1 mm path length quartz 
cuvette and the most dilute solutions were measured using a standard 1 cm path length quarts 
cuvette. 
Samples were prepared by making a 1 mg/mL solution of the material in chloroform. This 
initial solution corresponded to the most concentrated sample for each material; roughly 10-3 molar 
concentration. Exact concentrations for each solution are listed in Figures 1-3, 1-4, and 1-5. The 
more dilute solutions were prepared via two serial dilutions, each by one order of magnitude 
resulting in solutions that were roughly 10-4 and 10-5 in their molar concentrations. 
 
1.4.3 Field-Effect Transistor Fabrication 
Top-contact FETs were fabricated using Si wafers with 300 nm of SiO2. The wafers were 
cut into roughly 1 cm2 chips for the fabrication of individual devices. Wafers were first rinsed with 
deionized water followed by isopropyl alcohol before finally being dried with a nitrogen air gun 
and then plasma cleaned using a plasma cleaner for 60 s. 
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 After plasma cleaning, the SiO2 surface was treated with octadecyltrichlorosilane (OTS) 
by preparing a solution of 2.5 x 10-3 M OTS in heptane by injecting 30 µL of OTS into 30 mL of 
heptane using a micropipette. The SiO2 chip was then immediately submerged in this solution after 
plasma cleaning for 30 minutes for OTS treatment and immediately rinsed with heptane upon 
being removed from the solution to avoid excess polymerization of OTS in the presence of ambient 
moisture in the laboratory atmosphere. It should be noted that this method for the formation of a 
self-assembled monolayer of OTS is not the ideal method. Research has shown that using heptane 
as a solvent for this process can result in defects in the monolayer from incorporation of the heptane 
solvent into the monolayer itself.38 More effective methods using contorted solvents have been 
published.38,39 The author of this thesis was trained to use the method that is reported here and did 
not find the more ideal methods in the literature with enough time to perform these measurements 
again, which may have resulted in nonoptimal electron transfer characteristics. 
 Solutions with a concentration of roughly 5 mg/mL of the material in chloroform were 
prepared for spin-casting the material onto the OTS-coated silicon chip. Films were spin-cast using 
a spin-coater at 3000 rpm for 60 s. 
 Copper shadow masks were then placed on top of the film for patterned electrode 
deposition. The masks were taped in place using scotch tape. The shadow masks had square holes 
100 µm per side and separated by 15 µm, which translates to a channel width of 100 µm and 
channel length of 15 µm in FET devices. 
 Au electrodes were then deposited through the shadow mask by electron beam evaporation 
using an EvoVac Multi-Process thin film deposition system from Angstrom Engineering in a clean 
room facility. Electrodes were deposited at roughly 10-7 torr and at a rate of 1.0 Å/s to a thickness 
of 100 nm. After electrode deposition, the shadow masks were removed, exposing the electrode 
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grid, which was then transferred to a glovebox to perform thermal annealing and measure 
electronic transfer characteristics in the completed FET device.  
 Electronic transfer characteristics were measured using an Agilent 4155C semiconductor 
parameter analyzer. The bias voltage between the source and drain electrodes (VDS) was set to 80 
V and the gate voltage (Vg) swept from -20 V to 100 V to measure the electrical current as a 
function of the electric field strength that is generated from the Vg.  
 The 10 x 10 square electrode grid results in 180 different measurable channels between 
electrodes for electronic transfer characteristics. Therefore, three to four select channels from 
across the grid were measured for their electronic transfer characteristics as samples that were 
representative of the entire grid. The channel that produced the highest electron mobility value at 
the optimal thermal annealing temperature was then used in Tables 1-4, 1-5, and 1-6 to describe 
the performance of a given material in an FET device. It is worth noting that this is not the ideal 
method for characterizing the electronic transfer characteristics for a given material in an FET 
device. The ideal method would measure every single channel and report the results as a normal 
distribution with a well-defined minimum, maximum, and mean along with standards of deviation. 
Reporting the results this way would much more reliably generate reproducible results. The ideal 
method is not the method that the author was trained to use when measuring and characterizing a 
material’s performance in FETs. The author realized the described ideal method later in his PhD 
studies, but was not afforded enough time or funding to revise the results presented in this thesis. 
The author challenges the reader to find an example in peer-reviewed literature of an n-channel 
FET employing an organic semiconducting thin film that follows the described ideal method for 
presenting reproducible results; the author himself is not aware of any. This method of presenting 
FET results appears to be troubling an entire, highly-interdisciplinary, field of science. 
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Optimal thermal annealing temperatures were determined by thermally annealing the film 
at progressively higher temperatures and measuring the electronic transfer characteristics of the 
selected channels at each temperature. The films were annealed by heating the entire chip on a hot 
plate under a nitrogen atmosphere for 10 minutes. The stepwise process for determining the 
optimal thermal annealing temperature for each material started by thermally annealing the film at 
120 °C and increasing the temperature by increments of 40 °C after each set of electronic transfer 
measurements until the current through the device begins to decline. The electrical current through 
the FET typically increases with each thermal annealing step until the heat begins to damage the 
film, which impairs the current flow. The annealing temperature that corresponds to the greatest 
current measurements is determined to be the optimal thermal annealing temperature, which can 
vary greatly for each material. 
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Chiral small molecules have demonstrated promising performance in chiral electronic 
applications such as spintronics1,2 and chiral-induced spin selectivity.3–5 Furthermore, photonic 
technologies such as bioresponsive imaging,6 3D displays,7 optical switches,8 and quantum-based 
optical computing9,10 have employed the use of chiral (circularly- or elliptically-polarized) light.11 
Therefore, chiral semiconducting materials are desirable for some these technologies because of 
their ability to absorb and detect chiral light. The chiral semiconducting materials are evaluated 
for their detection ability by observing a photocurrent effect in electronic transfer data.12,13 
Engineering laboratories use top-down methods to fabricate a class of chiral metamaterials that 
can detect chiral light.14–16 However, the complexity of metamaterials requires rigorous fabrication 
techniques and their detection of chiral light is limited to low-energy light (l > 600 nm). In contrast 
to metamaterials, organic small-molecule materials have an advantage in chiral photo-sensing 
applications because of their inherent chirality and their optical and electronic properties are highly 
tunable by synthetic methods.17 
 Helicenes are one of the most studied classes of chiral organic materials.18–21 Helicenes 
have demonstrated an ability to be used as and spin filters,22 optical switches,8 and chiral light 
detectors.12,13 In order for a materials to be useful in chiral light detectors, the material must both 
exhibit charge-transfer ability as a semiconductor as well as a strong circular dichroism (CD). CD 
is a natural phenomenon that elucidates a material’s proclivity to absorb either left- or right-handed 
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chiral light.23 Ultimately, detectors of any kind are judged by their sensitivity, and the sensitivity 
of a chiral material is accurately represented in its CD. 
 
2.2 Results and Discussion 
This section aims to describe how the structure of NP3H influences the circular dichroism 
and electronic transfer characteristics of the material in thin films and in single crystals. 
Measurements were performed on both the enantiopure and racemic mixture of NP3H. 
 
2.2.1 Molecular Structures 
This section will introduce NP3H (Figure 2-1), which is an angularly-fused, chiral, trimeric 
oligomer of perylene diimide (PDI).24 Three PDI subunits are angularly-fused at the bay positions 
via two naphthalene subunits to produce a twisted, spiral-staircase, structure. The synthesis of 
NP3H produces a racemic mixture of the left- and right-handed enantiomers. Interestingly, this 
angular-fusion of aromatic subunits produces a structure that has two carbo[6]helicenes within it. 
Carbohelicenes are a class of chiral organic material that have been extensively studied for their 
chiral properties, including circular dichroism. Their structure is also known to prevent the 






Figure 2-1: Molecular structure of the aromatic core of NP3H. Three PDI units are angularly fused together by 
naphthalene units, forming a spiral, twisting structure through the center of the molecule. “R” represents the 6-undecyl 
side chains that allow for solubility. Reproduced from Schuster et al., 2018.24 
 
2.2.2 Steady-State Optical Absorption Spectroscopy 
 The steady-state absorption spectra of NP3H (Figure 2-2) at various concentrations show 
no signs of aggregation. This is evidenced by the lack of a bathochromic shift, peak broadening, 
or change in relative peak intensity with increasing concentration in solution in the normalized 
absorption spectra. The reason for this is most likely due to the fact that long, a-branching side 
chains such as the 6-undecyl side chain on NP3H deter aggregation in solution, allowing the 
material to be highly soluble. 
 Interestingly, molar absorptivity appears to increase with increasing concentration in 
solution for both the racemic and enantiopure materials in solution. This is most likely due to 
electron donation from the electron-rich chloroform solvent to the electron-deficient and electron 
accepting NP3H molecules. The higher the ratio of solvent to solute, or the more dilute the solution 
is, the more electron density can be donated from the chloroform solvent to the lowest unoccupied 

























































individual NP3H molecules. Conversely, the lower the ratio of solvent to solute, or the more 
concentrated the solution is, the less solvent there is to donate electron density into the LUMO of 
NP3H, allowing for a stronger molar absorption. Additionally, the concentration in solution of the 
racemic mixture appears to have a less dramatic effect on molar absorptivity. This most likely due 
to the fact that the racemic mixture is less soluble in solution than the individual enantiomers are. 
A less soluble molecule would be expected to be under less electronic influence by the solvent. 
 The first vibronic progression ranging from about 550 nm to 450 nm is most likely a PDI 
to PDI excitation while the vibronic progression from about 410 nm and lower is most likely a PDI 
to naphthalene linker excitation. This is evidenced by similar excitations in a previous publication 
in which the lower-energy excitation was assigned to a PDI to PDI transition and the higher-energy 
excitation was assigned to a PDI to ethylene excitation, where the ethylene served as a linker 





Figure 2-2: Steady-state optical absorption spectra for enantiopure and racemic NP3H in a chloroform solution at 
various concentrations. The top two spectra show a change in molar absorptivity with a change in concentration and 
the bottom two spectra show near-perfect spectral overlap at various concentrations for the normalized spectra. 
 
2.2.3 Circular Dichroism 
 Circular dichroism measurements of NP3H in solution24 and in thin films (Figure 2-3) show 
distinct absorption preferences for left- and right-handed circularly polarized light. The circular 
dichroism of the left-handed enantiomer (1-NP3H) and the right-handed enantiomer (2-NP3H) in 
thin films is strongest in the violet to blue range of the color spectrum. Interestingly, the strongest 
circular dichroism peak centered at 407 nm corresponds to the higher-energy vibronic progression 
in the steady-state absorption spectra in Figure 2-2. The hypothesis that this photoexcitation is the 
result of a PDI to naphthalene transition is further evidenced by the fact that this photoexcitation 
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exhibits strong circular dichroism, which could be expected of a photoexcitation from the PDI core 
to the inherently chiral naphthalene linker that is angularly fused to two PDI monomers. 
 
 
Figure 2-3: Circular dichroism spectra for NP3H in thin films. 1-NP3H represents the left-handed enantiomer and 2-
NP3H represents the right-handed enantiomer. 
 
2.2.4 Single Crystals of Enantiopure NP3H 
Single crystals of enantiopure NP3H were found to grow from solutions of enantiopure 
NP3H in a heptane solvent (Figure 2-4). This was first discovered by attempting to drop-cast a 
film of 1-NP3H from a heptane solvent onto a glass slide for optical absorption measurements 
when it was noticed that single crystals on the order of a few hundred nanometers grew as the 
solvent evaporated. Further experimentation demonstrated that larger crystals on the order of tens 
of micrometers would grow from a solution of enantiopure NP3H in heptane when kept in a vial. 
The slower evaporation of the solvent from the vial allowed for larger crystal growth. 
 Unfortunately, X-ray diffraction patterns were not able to be obtained from the single 
crystals. This could be at least in part due to possible co-crystallization with the solvent. 
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Additionally, second harmonic generation measurements were attempted on single crystals of 
NP3H to no avail, perhaps for the same reason that X-ray diffraction patterns could not be obtained. 
The single crystals were brittle and appeared to erode when taken out of the solution that they grew 
from. This made it difficult to perform measurements on them, but one was measured in a field-
effect transistor (FET) for its electronic transfer characteristics (see section 2.2.5). 
 
 
Figure 2-4: Single crystals of enantiopure NP3H grown from a heptane solvent. On the left, single crystals formed on 
a Si chip substrate via drop-casting. On the right, Au electrodes were vacuum evaporated onto each end of a single 
crystal for electronic transfer measurements in FETs. 
 
2.2.5 Electronic Transfer Characteristics in Field-Effect Transistors 
 Electronic transfer characteristics were measured for the enantiopure and racemic forms of 
NP3H as spin-cast thin films in FET devices (Figure 2-5). The electron mobility values for the 
enantiopure and racemate (Table 2-1) are nearly the same with the enantiopure thin film exhibiting 
an electron mobility of 5 x 10-5 cm2V-1s-1 and the racemate exhibiting an electron mobility of 7 x 
10-5 cm2V-1s-1. It is unsurprising that the enantiopure and racemate thin films exhibit similar 
electron mobility values, considering that the films are mostly amorphous from spin casting and 
have long, a-branched side chains that deter close packing of the material in thin films. 
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 The single crystal of the enantiopure material exhibits double the electron mobility than 
that of its amorphous counterpart (1 x 10-4 cm2V-1s-1). The increased order and periodicity of the 
single crystal system allows for more delocalization p-electrons, which results in less internal 
resistance to charge-transfer through the crystalline system. Because the crystal is not physically 
robust, it rapidly deteriorates upon being thermally annealed at temperatures higher than 120 ºC.  
 
 
Figure 2-5: Electronic transfer characteristics for the enantiopure, racemate, and single crystal of enantiopure NP3H. 
 
 Enantiopure Racemate Single Crystal 
Electron mobility (cm2V-1s-1) 5 x 10-5 7 x 10-5 1 x 10-4 
Annealing Temp. (ºC) 200 200 120 





2.3 Conclusions and Future Directions 
The inherently chiral structure of NP3H induces chiroptical properties of the material in 
solution and in thin films. As evidenced by the strong circular dichroism around 407 nm, it appears 
that the optical excitation from the PDI to the angularly fused naphthalene bridge is responsible 
for the strong circular dichroism. There is no evidence for aggregation of NP3H in the 
concentration-dependent optical absorption measurements as the spectrum profile does not change 
upon increasing its concentration in solution by two orders of magnitude. Finally, the electronic 
transfer characteristics for the enantiopure and racemic thin films of NP3H are fairly similar while 
the single crystal of the enantiopure exhibits twice the electron mobility than that of its amorphous, 
thin film counterpart. 
 Future research could focus on the ability of NP3H to act as an organic spin-filter material. 
The amorphous thin film and single crystal could be compared and contrasted with respect to their 
ability to act as a spin-filter material. Additionally, NP3H in amorphous thin films could be tested 
for its sensitivity for chiral light on charge-transfer characteristics. FETs fabricated with spin-cast 
films of enantiopure NP3H may show a photo-response in the electronic transfer characteristics 




2.4.1 Steady-State Optical Absorption Measurements 
All steady-state optical absorption spectra were collected using quartz cuvettes in a 
Shimadzu UV-1800 spectrophotometer. To account for the solutions varying by one order of 
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magnitude, cuvettes with path lengths varying by one order of magnitude were used to compensate. 
Therefore, the most concentrated solutions were measured using a 0.1 mm path length quartz 
cuvette and the most dilute solutions were measured using a standard 1 cm path length quartz 
cuvette. 
Samples were prepared by making a 1 mg/mL solution of the material in chloroform. This 
initial solution corresponded to the most concentrated sample for each material; roughly 10-3 molar 
concentration. Exact concentrations for each solution are listed in Figure 2-2. The more dilute 
solutions were prepared via two serial dilutions, each by one order of magnitude resulting in 
solutions that were roughly 10-4 and 10-5 in their molar concentrations. 
 
2.4.2 Circular Dichroism Measurements 
Amorphous thin films were prepared by spin-casting a 5 mg/mL solution in chloroform 
onto 4 cm2 quartz substrates at 3000 rpm for 60s using a spin-coater. Circular dichroism was 
performed on the films by aligning the substrate perpendicularly to the beam path and attaching it 
to the sample holder using rubber bands. Film samples were rotated 90° for additional 
measurements to confirm the absence of linear dichroism.  
 
2.4.3 Field-Effect Transistor Fabrication 
Top-contact FETs were fabricated using Si wafers with 300 nm of SiO2. The wafers were 
cut into roughly 1 cm2 chips for the fabrication of individual devices. Wafers were first rinsed with 
deionized water followed by isopropyl alcohol before finally being dried with a nitrogen air gun 
and then plasma cleaned using a plasma cleaner for 60 s. 
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 After plasma cleaning, the SiO2 surface was treated with octadecyltrichlorosilane (OTS) 
by preparing a solution of 2.5 x 10-3 M OTS in heptane by injecting 30 µL of OTS into 30 mL of 
heptane. The plasma cleaned SiO2 chip was submerged in this solution for 30 minutes for OTS 
treatment and immediately rinsed with heptane upon being removed from the solution to avoid 
excess polymerization of OTS in the presence of ambient moisture in the laboratory atmosphere. 
It should be noted that this method for the formation of a self-assembled monolayer of OTS is not 
the ideal method. Research has shown that using heptane as a solvent for this process can result in 
defects in the monolayer from incorporation of the heptane solvent into the monolayer itself.26 
More effective methods using contorted solvents have been published.26,27 The author of this thesis 
was trained to use the method that is reported here and did not find the more ideal methods in the 
literature with enough time to perform these measurements again, which may have resulted in 
nonoptimal electron transfer characteristics. 
 Solutions with a concentration of roughly 5 mg/mL of the material in chloroform were 
prepared for spin-casting the material onto the OTS-coated silicon chip. Films were spin-cast using 
a spin-coater at 3000 rpm for 60 s. 
 Copper shadow masks were then placed on top of the film for patterned electrode 
deposition. The masks were taped in place using scotch tape. The shadow masks had square holes 
100 µm per side and separated by 15 µm, which translates to a channel width of 100 µm and 
channel length of 15 µm in FET devices. For the single crystal FET, the shadow mask was aligned 
under a microscope to ensure that the crystal would span the gap between two crystals. 
 Au electrodes were then deposited through the shadow mask by electron beam evaporation 
using an EvoVac Multi-Process thin film deposition system from Angstrom Engineering in a clean 
room facility. Electrodes were deposited at roughly 10-7 torr and at a rate of 1.0 Å/s to a thickness 
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of 100 nm. After electrode deposition, the shadow masks were removed, exposing the electrode 
grid, which was then transferred to a glovebox to perform thermal annealing and measure 
electronic transfer characteristics in the completed FET device.  
 Electronic transfer characteristics were measured using an Agilent 4155C semiconductor 
parameter analyzer. The bias voltage between the source and drain electrodes (VDS) was set to 80 
V and the gate voltage (Vg) swept from -20 V to 80 or 100 V to measure the electrical current as a 
function of the electric field strength that is generated from the Vg.  
 The 10 x 10 square electrode grid results in 180 different measurable channels between 
electrodes for electronic transfer characteristics. Therefore, three to four select channels from 
across the grid were measured for their electronic transfer characteristics as samples that were 
representative of the entire grid. The channel that produced the highest electron mobility value at 
the optimal thermal annealing temperature was then used in Table 2-1 to describe the performance 
of a given material in an FET device. It is worth noting that this is not the ideal method for 
characterizing the electronic transfer characteristics for a given material in an FET device. The 
ideal method would measure every single channel and report the results as a normal distribution 
with a well-defined minimum, maximum, and mean along with standards of deviation. Reporting 
the results this way would much more reliably generate reproducible results. The ideal method is 
not the method that the author was trained to use when measuring and characterizing a material’s 
performance in FETs. The author realized the described ideal method later in his PhD studies, but 
was not afforded enough time or funding to revise the results presented in this thesis. The author 
challenges the reader to find an example in peer-reviewed literature of an n-channel FET 
employing an organic semiconducting thin film that follows the described ideal method for 
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presenting reproducible results; the author himself is not aware of any. This method of presenting 
FET results appears to be troubling an entire, highly-interdisciplinary, field of science. 
Optimal thermal annealing temperatures were determined by thermally annealing the film 
at progressively higher temperatures and measuring the electronic transfer characteristics of the 
selected channels at each temperature. The films were annealed by heating the entire chip on a hot 
plate under a nitrogen atmosphere for 10 minutes. The stepwise process for determining the 
optimal thermal annealing temperature for each material started by thermally annealing the film at 
120 °C and increasing the temperature by increments of 40 °C after each set of electronic transfer 
measurements until the current through the device begins to decline. The electrical current through 
the FET typically increases with each thermal annealing step until the heat begins to damage the 
film, which impairs the current flow. The annealing temperature that corresponds to the greatest 
current measurements is determined to be the optimal thermal annealing temperature, which can 
vary greatly for each material. 
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Chapter 3: Enhancement of the Optical and Electronic Properties of 
Organic Materials in Langmuir-Blodgett Films 
 
3.1 Background 
One technique that can produce higher periodicity and molecular order in thin films is the 
Langmuir-Blodgett (LB) technique, which involves slowly compressing molecules at the air-water 
interface of an LB trough (Figure 3-1). Depositing molecules at the air-water interface of an LB 
trough allows for the controlled compression of the molecules into a material film. The controlled 
compression by barriers that skim the surface of the water also allows the molecules to organize 
into ordered films as the molecules rearrange themselves in two dimensions under the pressure 





Figure 3-1: Depiction of the twisted, helical structure of NP3H at the air-water interface of an LB trough being 
compressed by two barriers that skim the surface of the water. Structurally rigid organic materials can orient in a face-
on, edge-on, or tilted manner between the two extremes. The orientation of molecules in the film has direct 
consequences for the material properties. 
 
 While compressing the two-dimensional (2D) system, a tensiometer can be used to detect 
changes in surface pressure of the system. Molecules can undergo 2D pseudo phase changes as 
they are compressed by the barriers, which are detected and measured as changes in surface 
pressure by the tensiometer (Figure 3-2). The isotherms produced by such measurements have a 
baseline that is representative of a 2D gas phase. As the molecular system is compressed, the 
surface pressure begins to increase, indicating the onset of a 2D liquid phase of the material. The 
molecules begin to rearrange as they are compressed in the pseudo liquid phase until a linear 
regime is achieved in the isotherm. It is this linear relationship between surface pressure and 
compression of the 2D system that indicates that the molecules are no longer rearranging and that 
the molecules have effectively formed a film that is now being evaluated for its resilience to 
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compression. With enough compression, the film eventually begins to collapse. The collapse of 
the LB film indicates that molecules are either being forced on top of one another or are breaking 
the surface of the water and are being lost to the sub-phase. If the collapse of the film occurs at a 
relatively large scale, a collapse point can easily be identified in the isotherm. However, if the 
collapse of the films occurs in small steps at various localities throughout the film, a waviness can 
be identified in the linear regime of the isotherm. Both forms of collapse suggest that the integrity 
of the monolayer LB film is compromised and that a true monolayer can no longer be deposited 
on a desired substrate for characterization.  
 
 
Figure 3-2: Example of an isotherm generated by compressing an organic material at the air-water interface of an LB 
trough. The isotherm is annotated to indicate that the baseline represents a 2D gas phase, the onset of surface pressure 
readings represents a 2D liquid phase as the material rearranges, and the linear regime represents a 2D solid phase. 
The collapse point is annotated, which indicates that an LB film of this particular material collapsed near a surface 
pressure of 12 mN/m. 
 
 Ordered films that are generated at the air-water interface of an LB trough can be 
transferred to a desired substrate by either a vertical or horizontal deposition method.2 The vertical 







automated mechanical arm to slowly submerge the substrate through the film and into the sub-
phase at a uniform rate. The horizontal deposition method is called the Schaeffer deposition 
method, which can be performed by hand. 
 LB films can be used in a wide variety of applications including n-channel3–11 and p-
channel12–36 field-effect transistors (FETs), ferroelectric FETs,37,38 ion-sensitive FETs,39–45 
molecular switching devices,46  gas sensors,47–53 and nonlinear optics.54–74 The increased molecular 
order in LB films has been demonstrated to increase the electronic properties in FETs and signals 
generated from nonlinear optical measurements. 
 
3.2 Results and Discussion 
 This section aims to describe the results of applying two different chemical systems to the 
air-water interface of an LB trough. The hPDI2 derivatives that were introduced in Chapter 1 are 
studied from the perspective of how side chains may affect aggregation in a two-dimensional 
system while NP3H, introduced in Chapter 2, is studied for potential enhancement of optical and 
electronic properties as a result of increasing the order of the system. Layered systems of NP3H 




Molecules were deposited at the air-water interface of a Langmuir-Blodgett trough to 
measure the change in surface pressure as the 2D system was compressed. The result is an isotherm 




3.2.1.1 hPDI2 Side Chain Derivatives 
 As was discussed in Chapter 1, the structure and the length of molecular side chains can 
significantly affect the aggregation of organic materials. Likewise, the molecular side chains of 
organic materials also affect their ability to closely pack in 2D systems like that of the air-water 
interface of an LB trough. The isotherms for hPDI2 with various side chains (Figure 3-3) are 
distinctly different; all have a different surface pressure response with respect to 2D compression. 
 For the a-branched side chains, the smaller two, 3-pentyl and cyclohexyl, appear to exhibit 
a greater resiliency to surface pressure than the longer, 6-undecyl side chain does. Predictably, the 
6-undecyl side chain also shows an increase in surface pressure at a larger area/molecule, which 
would be expected because the longer side chain should occupy more space. While the 3-pentyl 
and cyclohexyl side chains are similar in size, the cyclohexyl exhibits a steeper incline in its 
isotherm, suggesting very little reorganization after the monolayer forms. The 6-undecyl side chain 
exhibits significant reorganization and does not build high levels of surface pressure in the system. 
This could imply that the 6-undecyl side chain induces a tilt angle of the molecular backbone with 
respect to the air-water interface and, as the material is compressed, they begin to slide along one 
another, which would be why the systems requires so much compression to reach a surface 
pressure of 20 mN/m. 
 For the b-branched, it again appears that the smallest side chain can withstand the most 
surface pressure, as the 2-ethylhexyl side chain resists collapse from compression until the system 
reaches 20 mN/m in surface pressure. Conversely, the 2-butyloctyl side chain can only withstand 
about 6 mN/m in surface pressure before collapsing. Interestingly, the b-branched side chains 
appear to have the opposite relationship that would be expected with respect to the size of the side 
chain and its corresponding onset of surface pressure using an LB trough. For example, it is the 
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shortest side chain, 2-ethylhexyl, that exhibits an increase in surface pressure at a high 
area/molecule and it is the longest side chain, 2-hexyldecyl, that exhibits an increase in surface 
pressure at the lowest area/molecule. The 2-hexyldecyl side chain also exhibits some form of 
collapse at a surface pressure of about 10 mN/m. It is difficult to characterize this collapse because 
the isotherm does not flatten out like the other side chains do after collapse. Instead, it quickly 
rebounds into a sharp increase in surface pressure. Lastly, it should be noted that none of the b-
branched side chains build surface pressure in the system to the same magnitude that the shorter 
a-branched side chains do. 
 The unbranched side chains also exhibit the opposite relationship that would be expected 
with respect to the size of the side chain and its corresponding onset of surface pressure in the 
isotherm. The shorter, n-hexyl, side chain exhibits an increase in surface pressure with less 
compression than the longer, n-dodecyl, side chain does. The n-hexyl side chain also exhibits a 
slight collapse in the isotherm around 20 – 25 mN/m in surface pressure; a feature that is absent in 
the isotherm for the n-dodecyl side chain. 
 All of the isotherms exhibit some waviness to the trace with enough surface pressure. This 
can be interpreted as an instability in the film at the air-water interface as surface pressure 
continues to increase. The waviness could suggest a resistance to reorganization of the film with 
increasing compression that undergoes a repetition of small collapses. Either the molecules are 
tilting in their reorganization or slipping on top of one another to form localized bilayers at various 





Figure 3-3: Isotherms collected by depositing hPDI2 molecules with various side chains at the imide position at the 











 Isotherms for the various side chains can also be compared by relative length (Figure 3-4) 
instead of structure. It appears to be a commonality among all of the shorter side chains that they 
build more surface pressure within the system than the longer side chains do. This could be because 
the longer side chains can act as a lubricant between individual molecules to allow for more 
rearrangement when compressed together. Additionally, the shorter, a-branched side chains show 




Figure 3-4: Isotherms of various side chains for hPDI2 compared by relative length. 
 
3.2.1.2 Racemic and Enantiopure NP3H 
 NP3H was also deposited at the air-water interface of an LB trough to investigate the 2D 
aggregation properties and isotherms for the enantiopure as well as the racemate were collected 
(Figure 3-5). Interestingly, the racemate exhibits an earlier onset of increasing surface pressure 
during compression compared to enantiopure NP3H. Additionally, the enantiopure material 
exhibits a steeper incline in its isotherm trace. This suggests that enantiopure NP3H not only packs 
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more tightly together when compressed at the air-water interface, but it also undergoes less 
reorganization as it is compressed. 
 
 
Figure 3-5: Isotherms collected by depositing NP3H molecules at the air-water interface of a Langmuir-Blodgett 
trough. 
 
3.2.2 Circular Dichroism of NP3H in ordered Langmuir-Blodgett Films 
 Isotherms with a linear regime suggest that the material at the air-water interface is in a 
stable, 2D, pseudo-solid-phase on the LB trough. Therefore, halting the compression in the middle 
of this linear regime allows for the deposition of the material onto a desired substrate in the form 
of an ordered monolayer. After each deposition, the material can be compressed further until the 
linear regime is established once again. This process can be repeated to deposit multilayered 
systems of ordered LB films. 
 Multilayered systems of NP3H were deposited as LB films onto a quartz substrate to 
investigate the effects of increasing order in films on circular dichroism. Upon depositing a six-
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layered system of the left- (1-NP3H) and right-handed (2-NP3H) enantiomers of NP3H onto quartz 
substrates, circular dichroism measurements were performed to compare the ordered films to their 
amorphous, spin-cast counterparts (Figure 3-6). CD signals for all films were normalized to the 
film’s approximate thickness. 
 The multilayered LB film for 1-NP3H exhibits a six-fold increase in CD measurements at 
407 nm compared to the amorphous film and the multilayered LB film for 2-NP3H exhibits a four-
fold increase in CD measurements at 407 nm. This demonstrates that introducing greater order and 
periodicity into the material system allows for an amplification of CD when measured in thin films. 
Ideally, the amplification in CD signal should be uniform between the two enantiomers. However, 
there may have been transfer issues when depositing the films onto the quartz substrate, as a 
motorized deposition system was not available. The Schaeffer deposition method that is performed 
by gently pressing the surface of the substrate to the film by hand at the air-water interface of the 





Figure 3-6: Circular dichroism measurements of the left- (“1”) and right-handed (“2”) enantiomers of NP3H. All 
signals were initially normalized to film thickness. The CD signals were scaled appropriately to set the peak at 407 
nm of amorphous thin films equal to 1 to clearly display the magnitude of signal enhancement in ordered films. 
 
3.2.3 Electronic Transfer Characteristics of NP3H in Ordered Langmuir-Blodgett Films 
 Ordered multilayer systems of NP3H were also deposited onto Si chips for characterization 
of their electronic transfer ability in field-effect transistors (FETs) (Figure 3-7). A monolayer, 
bilayer, pentalayer, and decalayer system of LB films of enantiopure NP3H were deposited using 
the Schaeffer deposition method. 
 Electron mobility values (Table 3-1) generally increase with more layers of LB films of 
enantiopure NP3H. The monolayer of enantiopure NP3H exhibited an electron mobility of 2 x 10-
5 cm2V-1s-1, the bilayer exhibited an electron mobility of 3 x 10-5 cm2V-1s-1, and the pentalayer film 
exhibited an electron mobility of 4 x 10-4 cm2V-1s-1. Interestingly, the decalayer LB film exhibits 
less electron mobility in FETs than the pentalayer does. The decalayer also exhibits a smaller 
threshold voltage around 30 V for the other three systems for the onset of charge-transfer in FETs 
instead of the 40 – 60 V that it is for the other three systems. More layers of enantiopure NP3H 
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allows for a contribution of more electron density to be pulled to the semiconductor-dielectric 
interface by the gate electric field in FETs, which may explain the increase in electron mobility as 
the ordered LB film system increases from one to five layers. However, there may be a point 
between five and ten layers where the thickness of the film begins to inhibit charge injection into 
the film from the source electrode of a top-contact FET and this effect may outweigh the beneficial 
effects of adding the electron density that is commensurate with additional layers of NP3H in LB 
films beyond five layers. Another possibility is the cumulative defects that may be present from 
the film deposition process could begin to outweigh the beneficial effects of additional layers of 
NP3H in LB films beyond five layers. Depositing layered systems of LB films of enantiopure 





Figure 3-7: Electronic transfer characteristics of enantiopure NP3H fabricated into layered systems of LB films and 
employed in field-effect transistors. 
 
 Monolayer Bilayer Pentalayer Decalayer 
Electron mobility (cm2V-1s-1) 2 x 10-5 3 x 10-5 4 x 10-4 1 x 10-4 
Annealing Temp. (°C) 160 120 200 120 
Table 3-1: Electron mobility values and annealing temperatures of enantiopure NP3H fabricated into layered systems 
of LB films. 
 
3.2.4 Single Crystals of hPDI2 
 Single crystals of hPDI2 with 6-undecyl side chains were grown from ordered, 
multilayered LB films of hPDI2 (Figure 3-8). The crystals in Figure 3-8 were grown from a 
decalayer of ordered LB films that were then solvent annealed using chloroform. From one 
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perspective, this is significant because, in a previous publication that first introduced hPDI2 with 
6-undecyl side chains, no single crystal structure was presented. Furthermore, of all the hPDI2 
derivatives presented in Chapter 1, only the hPDI2 derivative with cyclohexyl side chains was 
found to crystallize using common solution-based crystallization techniques. 
From another perspective, this is significant because, to the best of the author’s knowledge, 
a similar technique for single crystal growth of an organic material from ordered layers of LB films 
has not yet been published in peer-reviewed scientific literature. Unfortunately, this technique was 
not attempted on the other hPDI2 derivatives with various side chains because there were not 
enough resources, funds, or space to investigate this single crystal growth method further. If this 
method for single crystal growth were attempted on all of the other hPDI2 derivatives with various 
side chains, it could be found that depositing ordered layers of LB films of organic materials 
followed by solvent annealing is an effective technique for single crystal growth. Furthermore, if 
this crystallization technique were found to be effective, much more experimentation could be 
performed to investigate the electronic transfer characteristics of single crystals of hPDI2 





Figure 3-8: Single crystals of hPDI2 with 6-undecyl side chains. LB films were deposited on a Au electrode grid 
typically used for bottom contact field-effect transistors. The caption of the length to the left reads 6.25 µm and the 
caption of the length to the right reads 10.83 µm. 
 
3.3 Conclusions and Future Directions 
 The isotherms for the hPDI2 derivatives do not necessarily follow the intuitive trend that 
shorter side chains would cause the onset of surface pressure increase to occur at smaller 
area/molecule values than the longer side chains. Instead, the b-branched and unbranched side 
chains exhibit the exact opposite trend. Only the a-branched side chains appear to follow the 
intuitive trend that one would expect. All of the side chains show signs of small, localized collapses 
throughout the LB film during compression as evidenced by the waviness of the trace of the 
isotherm at high enough surface pressures. Only the 6-undecyl, n-hexyl, 2-ethylhexyl, and 2-
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butyloctyl side chain show clear signs of total collapse of the film at the air-water interface of the 
LB trough. Generally, the shorter side chains appear to build greater surface pressure in the film 
than the longer side chains do. This could be due to the longer side chains acting as lubricants 
between the rigid, aromatic cores of individual molecules, which would allow for more 
reorganization or stacking of the material. The isotherms of the enantiopure and racemic NP3H 
suggests that enantiopure NP3H packs more tightly when compressed at the air-water interface 
and undergoes less reorganization with increasing compression. More isotherms should be 
collected for all samples to ensure the reproducibility of these results.  
 CD measurements performed on multilayer systems of LB films of both enantiomers of 
NP3H exhibit enhancement in the CD signal when compared to their amorphous, spin-cast thin 
film counterparts. 1-NP3H exhibits a six-fold increase in CD signal at 407 nm and 2-NP3H 
exhibits a four-fold increase. The disparity between the two could be rectified by improving the 
transfer process from the LB trough to the quartz substrates for multilayer film deposition. 
 Charge-transfer characteristics of ordered LB films of enantiopure NP3H in FET devices 
generally exhibit increased electron mobility with an increasing number of layers in the system. 
Because the decalayer system exhibits lower electron mobility than the pentalayer system does in 
FETs, it appears that there may be consequences to building layered LB film systems of NP3H 
greater than five layers such as the consequences of cumulative defects upon depositing 
multilayered LB films. More multilayered systems of LB films of NP3H should be tested in FET 
devices to ensure the reproducibility of these results. Additionally, layered systems between five 
and ten layers should be deposited and tested in FET devices to better understand the effects of the 
number of layers of NP3H on the electron mobility through the film. 
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 Future experiments should investigate the effects of chiral light on charge-transfer 
characteristics and further investigate the effects of solvent annealing ordered, multilayered LB 
films on forming single crystals of the material. FETs fabricated with ordered LB films of 
enantiopure NP3H may show a photo-response in the electronic transfer characteristics when 
illuminated with chiral light at 407 nm. Additionally, ordered LB films of NP3H could show 
anisotropy with respect to the direction of charge propagation through the thin film in FET devices. 
Electronic transfer measurements could demonstrate distinct electron mobility differences 
depending on the orientation of the molecules in the LB films. Lastly, single crystals may be able 
to be grown from other organic materials than the 6-undecyl side chain derivative of hPDI2 by 




3.4.1 Langmuir-Blodgett Trough 
 The LB trough and its barriers used for compression were first cleaned by rinsing the trough 
with ethanol, deionized water, and chloroform. After the rinse with each solvent, the trough and 
barriers were wiped dry using Kimwipes. After the trough was cleaned, about 50 mL of deionized 
water was poured into the LB trough. Next, a paper Whilhelmy plate was wetted with deionized 
water and hung from the tensiometer and allowed to equilibrate. After equilibration, the 
tensiometer was tared and the barriers were compressed to their furthest extent to gauge the extent 
of surface particles and dust that were present at the air-water interface. If the increase in surface 
pressure upon compression of the barriers was less than 0.3 mN/m, then the LB trough was deemed 
ready for use. If the surface pressure increased more than 0.3 mN/m, then the air-water interface 
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was cleaned using a vacuum system to remove particulates from the water’s surface, the barriers 
were decompressed, the system was allowed to re-equilibrate. This process was repeated until the 
increase in surface pressure upon compressing the barriers was less than 0.3 mN/m. The barriers 
would then be decompressed to deposit organic material onto the water’s surface. 
 Sample preparation was achieved by dissolving about 1 mg of organic material in a 
minimal amount of chloroform followed by heptane. The ratio of chloroform to heptane solvent 
was highly dependent upon the solubility of the material. The chloroform was used to ensure full 
solubility of the material and the heptane was used to ensure effective spreading across the air-
water interface of the LB trough. Samples that were prepared using an exclusively chloroform 
solvent formed beads at the air-water interface that shrank in size as the chloroform solvent 
evaporated, effectively increasing the concentration of the dissolved organic material. These beads 
would eventually find their way to the edge of the trough before bursting to spread the organic 
material. By contrast, when a chloroform and heptane mixture was used as a spreading solvent, 
the solution would instantaneously spread across the surface of the water. 
 Organic materials dissolved in their respective spreading solvent were deposited at the air-
water interface of the LB trough using a 50 µL Hamilton glass syringe. A number of trial runs 
were required with each individual sample to determine the volume of solution that was required 
to obtain ideal isotherms. Too much solution would allow the material to aggregate before 
compression of the barriers, inducing a 2D pseudo-liquid phase or pseudo-solid phase. Too little 
solution would allow the material to remain in a 2D pseudo-gas phase for most of the compression, 
resulting in an isotherm that is recorded as mostly a baseline. 
 After depositing the appropriate amount organic material, the system was allowed to 
equilibrate for at least 10 minutes or until the changes in the tensiometer readings minimized. For 
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trial runs, the barriers were compressed at a rate of 5 mm/min, allowing a full compression to 
compete in 13 minutes. For higher-quality isotherms, the barriers were compressed at 1 mm/min, 
allowing a full cycle of compression and decompression to complete in 65 minutes. 
 
3.4.2 Langmuir-Schaeffer Film Deposition 
 Once an isotherm has been produced and the collapse points are identified, LB films can 
be formed for the purposes of depositing ordered layers of organic material. An LB film is formed 
when the linear regime of the isotherm is reached upon compressing the material at the air-water 
interface. The compression of the material can be halted at this point to begin the deposition 
process for the LB film. 
 Substrates were prepared by sequentially rinsing with deionized water, isopropyl alcohol, 
and acetone before finally being dried with a nitrogen air gun and then plasma cleaned using a 
plasma cleaner for 60 s. The clean substrates were then treated with octadecyltrichlorosilane (OTS) 
by preparing a solution of 2.5 x 10-4 M OTS by injecting 2 µL of OTS into 20 mL of bicyclohexyl 
using a micropipette. The substrate was then rinsed sequentially with acetone, isopropyl alcohol, 
and deionized water before be dried with a nitrogen air gun. Immediately after drying, the substrate 
was then submerged in the OTS/bicyclohexyl solution overnight to form a hydrophobic self-
assembled monolayer. By using a bicyclohexyl solvent for the self-assembled monolayer 
formation of OTS instead of heptane (see sections 1.4.3 and 2.4.3), it is ensured that the contorted 
solvent will not incorporate itself into the monolayer during formation like heptane can, which 
causes defects.75 Additionally, a solution of bicyclohexyl cannot be wetted like heptane can. Any 
hydration in the solvent will cause OTS to polymerize in solution before assembling on the 
substrate, causing defects and incomplete monolayer formation. Lastly, by rinsing the substrate 
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with deionized water and drying it with a nitrogen air gun, a thin residue of deionized water is left 
behind on the substrate surface.76 This ensures that the only hydration that is present in the 
OTS/bicyclohexyl solution is precisely at the location where the self-assembled monolayer is 
intended to form. This allows for the exclusive polymerization of the monolayer at the substrate 
surface. 
Films were transferred to the desired substrate using the Schaeffer deposition method, 
which involves gently pressing the substrate to the LB film by hand while it is at the air-water 
interface. Gently peeling the substrate off of the air-water interface is the step where the film 
separates from the water and constitutes the deposition of one layer. This was done using masking 
tape form a handle on the reverse side of the substrate. It was using this improvised handle that 
allowed for the careful pressing of the substrate to the LB film for deposition. After gently peeling 
the substrate off of the air-water interface, a Kimwipe was used to remove any water that may have 
adhered to the substrate. Because the substrate was treated with a hydrophobic self-assembled 
monolayer, any water that transferred to the substrate during the film deposition formed small 
beads at the surface. This allowed for careful removal of the beads of water with a Kimwipe 
without touching the surface to disturb the deposited film. 
To build multilayer systems of ordered LB films, the molecules at the air-water interface 
need to be allowed to re-equilibrate after each layer deposition. Upon equilibration, the trough can 
resume compression until the desired surface pressure is achieved once more for another layer to 
be deposited. It is critical that the substrate is marked so the orientation of deposition can remain 
consistent upon building multilayered systems. Due to the finite area of the LB trough, there is a 
maximum number of layers that can be deposited. Therefore, smaller substrates such as the 1 cm2 
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Si chip for FET fabrication allow for more layers to be deposited than larger substrates such as the 
2.25 cm2 quartz substrate can. 
 
3.4.3 Circular Dichroism Measurements 
Amorphous thin films were prepared by spin-casting a 5 mg/mL solution in chloroform 
onto 4 cm2 quartz substrates at 3000 rpm for 60s using a spin-coater. Circular dichroism was 
performed on the films by aligning the substrate perpendicularly to the beam path and attaching it 
to the sample holder using rubber bands. Film samples were rotated 90° for additional 
measurements to confirm the absence of linear dichroism.  
Ordered LB films were prepared according to the procedure in section 3.4.2 and a 2.25 cm2 
quartz substrate was used. The smaller quartz substrate was desirable because smaller substrates 
allow for more LB film layers to be deposited. Because masking tape was fashioned into a handle 
for film deposition by attaching it to the reverse side of the quartz substrate, any remaining residue 
from the tape needed to be removed before circular dichroism measurements could be performed. 
The reverse side of the substrate was cleaned by wetting a cotton swab with chloroform and 
carefully scrubbing it. The 2.25 cm2 quartz substrate was too small to fasten to the sample holder 
for circular dichroism measurements, so an improvised setup was created (Figure 3-9). Film 





Figure 3-9: Improvised setup for circular dichroism measurements of ordered films of enantiopure NP3H. The quartz 
substrate is aligned perpendicular to the beam path by propping it up on a base fashioned from electrical tape and is 
prevented from falling over by a rubber band. 
 
3.4.4 Field-Effect Transistor Fabrication 
Top-contact FETs were fabricated using silicon wafers with 300 nm of SiO2. The wafers 
were cut into roughly 1 cm2 chips for the fabrication of individual devices. Wafers were first rinsed 
with deionized water followed by isopropyl alcohol before finally being dried with a nitrogen air 
gun and then plasma cleaned using a plasma cleaner for 60 s. 
 For ordered LB film deposition methods, see section 3.4.2.  Copper shadow masks were 
then placed on top of the film for patterned electrode deposition. The masks were taped in place 
using scotch tape. The shadow masks had square holes 100 µm per side and separated by 15 µm, 
which translates to a channel width of 100 µm and channel length of 15 µm in FET devices. 
 Au electrodes were then deposited through the shadow mask by electron beam evaporation 
using an EvoVac Multi-Process thin film deposition system from Angstrom Engineering in a clean 
room facility. Electrodes were deposited at roughly 10-7 torr and at a rate of 1.0 Å/s to a thickness 
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of 100 nm. After electrode deposition, the shadow masks were removed, exposing the electrode 
grid, which was then transferred to a glovebox to perform thermal annealing and measure 
electronic transfer characteristics in the completed FET device.  
 Electronic transfer characteristics were measured using an Agilent 4155C semiconductor 
parameter analyzer. The bias voltage between the source and drain electrodes (VDS) was set to 80 
V and the gate voltage (Vg) swept from -20 V to 100 V to measure the electrical current as a 
function of the electric field strength that is generated from the Vg.  
 The 10 x 10 square electrode grid results in 180 different measurable channels between 
electrodes for electronic transfer characteristics. Therefore, three to four select channels from 
across the grid were measured for their electronic transfer characteristics as samples that were 
representative of the entire grid. The channel that produced the highest electron mobility value at 
the optimal thermal annealing temperature was then used in 3-1 to describe the performance of a 
given material in an FET device. It is worth noting that this is not the ideal method for 
characterizing the electronic transfer characteristics for a given material in an FET device. The 
ideal method would measure every single channel and report the results as a normal distribution 
with a well-defined minimum, maximum, and mean along with standards of deviation. Reporting 
the results this way would much more reliably generate reproducible results. The ideal method is 
not the method that the author was trained to use when measuring and characterizing a material’s 
performance in FETs. The author realized the described ideal method later in his PhD studies, but 
was not afforded enough time or funding to revise the results presented in this thesis. The author 
challenges the reader to find an example in peer-reviewed literature of an n-channel FET 
employing an organic semiconducting thin film that follows the described ideal method for 
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presenting reproducible results; the author himself is not aware of any. This method of presenting 
FET results appears to be troubling an entire, highly-interdisciplinary, field of science. 
Optimal thermal annealing temperatures were determined by thermally annealing the film 
at progressively higher temperatures and measuring the electronic transfer characteristics of the 
selected channels at each temperature. The films were annealed by heating the entire chip on a hot 
plate under a nitrogen atmosphere for 10 minutes. The stepwise process for determining the 
optimal thermal annealing temperature for each material started by thermally annealing the film at 
120 °C and increasing the temperature by increments of 40 °C after each set of electronic transfer 
measurements until the current through the device begins to decline. The electrical current through 
the FET typically increases with each thermal annealing step until the heat begins to damage the 
film, which impairs the current flow. The annealing temperature that corresponds to the greatest 
current measurements is determined to be the optimal thermal annealing temperature, which can 
vary greatly for each material. 
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3.7 Appendix A: Preliminary Grazing-Incidence X-Ray Diffraction Data of hPDI2 
Derivatives at the Air-Water Interface of a Langmuir-Blodgett Trough 
 
 
Figure 3-10: Grazing-incidence X-ray diffraction data for the 3-pentyl side chain derivative of hPDI2. Data analysis 





Figure 3-11: Grazing-incidence X-ray diffraction data for the 2-butyloctyl side chain derivative of hPDI2. Data 





Figure 3-12: Grazing-incidence X-ray diffraction data for the 2-ethylhexyl side chain derivative of hPDI2. Data 





Figure 3-13: Grazing-incidence X-ray diffraction data for the 2-hexyldecyl side chain derivative of hPDI2. Data 





Figure 3-14: Grazing-incidence X-ray diffraction data for the n-hexyl side chain derivative of hPDI2. Data analysis 





Figure 3-15: Grazing-incidence X-ray diffraction data for the n-dodecyl side chain derivative of hPDI2. Data 






Figure 3-16: Summary of the grazing-incidence X-ray diffraction data for the hPDI2 side chain derivatives. Data 
analysis performed by Ankit Kanthe. 
 
